This work aimed at elucidating the role of bacteria present in the gut of the earthworm Metaphire posthuma in plant growth promotion and toxic trace elements (TTEs) bioremediation. We isolated and identified three bacterial strains Bacillus safensis (MF 589718), Bacillus flexus (MF 589717) and Staphylococcus haemolyticus (MF 589719) among which the Bacillus strains appeared to be significantly more potent than the Staphylococcus strain (P < 0.05) in promoting plant growth and removing TTE (Cr(VI), Cu(II) and Zn(II)) from aqueous media. These strains exhibited several plant growth promoting traits (e.g., indole acetic acid (IAA), gibberellic acid (GA) and ammonium ion production, 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase activity, and phosphate solubilizing potential). In a pot trial, the gut isolates improved Vigna radiata seed germination, and enhanced the leaf area (30-79%), total chlorophyll content (26-67%) and overall root-shoot biomass (32-83%) as compared to the control. Bacillus safensis and Bacillus flexus were equipotent in removing Cr(VI) (40.5 and 40.3%) from aqueous media; the former triumphed for Zn(II) removal (52.8%), while the latter performed better for Cu(II) removal (43.5%). The gut isolates successfully solubilized phosphate even in TTE-contaminated conditions. The results demonstrate that the earthworm's enteric bacteria possess inherent plant growth promoting, TTE resistance and phosphate solubilization (even under TTE stress) properties which can be further explored for their application in sustainable crop production and environmental management.
Introduction
One of the most important and basic needs of mankind is securing sufficient amount of food for the future. From local to global scale, twin issues of the exploding human population and pervasive environmental contaminations have affected the production of quality food (Glick, 2014) . Globally the food demand is projected to increase from 70 to 100% or more by 2050 (Shah et al., 2018) . The pressure on the agricultural lands has prompted humanity to adopt chemical and energy intensive agricultural practices that mainly rely on chemical fertilizers and pesticides. These practices resulted in degradation of land, human health hazards, interruption of ecological nutrient cycling, and destruction of beneficial biotic communities (Etesami and Maheshwari, 2018; Shah et al., 2018) . Hence, to meet the escalating demand for food, there has been an urgent need to raise the food production in an eco-friendly manner with sustainable and inexpensive alternatives.
Utilization of microorganisms with multifaceted beneficial properties is an important approach towards eco-friendly sustainable agriculture. Bacteria which are responsible for enhancing plant growth are referred to as plant growth promoting bacteria (PGPB) (Grobelak et al., 2018) . Plant growth benefits induced by PGPB include (1) the synthesis of phytohormones [e.g., abscisic acid (ABA), gibberellic acid (GA), indole-3-acetic acid (IAA), and cytokinins (CK)], (2) generation of enzyme ACC (1-aminocyclopropane-1-carboxylate) deaminase involved in diminishing the level of stress-induced ethylene in the developing plants roots, (3) nutrient solubilization and mineralization, particularly that of mineral phosphate, (4) production of ammonium ions, (5) production of varying antibiotics and siderophores, (6) furnishing nitrogen https://doi.org/10. 1016/j.jenvman.2019.109530 Received 26 April 2019; Received in revised form 31 August 2019; Accepted 2 September 2019 T to plants through biological N 2 fixation, and (7) bioremediation of soil contaminated with potentially toxic trace elements (TTEs) by sequestering toxic elements and degrading xenobiotic compounds (Compant et al., 2005; Yadegari et al., 2008; Glick, 2010; Minaxi et al., 2011; Etesami and Maheshwari, 2018) .
PGPB play significant role in promoting plant's defence against stress in polluted soils through alleviating the toxicity of pollutants such as trace elements (Ullah and Bano, 2015; Wang et al., 2016; Etesami, 2018) . Bacterial strains possessing TTE resistance and plant growth promoting potentials were previously reported (Gupta et al., 2017; Fan et al., 2018; Saleem et al., 2018) , but majority of the studies involved bacteria either from the rhizosphere or from TTE polluted bulk soil. There is a need to find novel sources of microbial species that can enhance plant growth and yield under severe contaminant stress conditions.
The most dominant and ecologically vital species of soil macrofauna are the earthworms. Earthworm's burrowing and casting activities contribute to the biogeochemical processes giving stability and resilience to the soil ecosystems (Singh and Gupta, 2018; Wurst et al., 2018) . The gut of earthworms provides unique ecological niche harbouring a diverse range of bacteria (Nechitaylo et al., 2010; Pass et al., 2015; Aira et al., 2015) . The description of the exclusive earthworm microbiota has broken the earlier myth on the earthworm gut microbiota resembling the bacterial diversity present in the earthworm's environment (Pass et al., 2015; Aira et al., 2015) . Earthworms can promote plant growth and alleviate soil TTE contamination, which often is explained as a beneficial effect of bacteria associated with the macrofauna (Das and Osborne, 2018) . The constant use of metals such as chromium (Cr), copper (Cu) and zinc (Zn) in several industrial activities including tanning, mining, refining and manufacturing processes has led to an accelerated soil pollution by these TTEs (Fuentes et al., 2016; Pandey, 2016; Gheju and Balcu, 2017; Etesami, 2018) . The toxicological manifestations of these TTEs have been well documented in literature (Brita et al., 2006; Wani and Ayoola, 2015; Pani et al., 2017) . Studies carried out on earthworm gut microbiota involve researches such as the determination of the relationship of cellulose degrading bacteria present in the gut walls of two different earthworm species Perionyx excavatus and Glyphidrilus spelaeotes (Dey et al., 2018) . Likewise, Meier et al. (2017) showed that different fermentation processes in the gut contents of earthworm Lumbricus terrestris were stimulated by different gut associated saccharides. Recently Srut et al. (2019) investigated the effect of heavy metal cadmium on the gut microbiota of earthworm Lumbricus terrestris. Several biological approaches have been introduced to alleviate TTEs in the environment (Dixit et al., 2015; Salihaj et al., 2016) , but the potential of the microorganisms dwelling in the earthworm's gut to serve simultaneously as plant growth promoter and TTE remediator has attracted attention only recently (Das and Osborne, 2018; Li et al., 2018) . In the existing literature, there is a lack of knowledge on the isolation of earthworm gut bacteria and their utilization for harnessing the twin benefits and double dividends of TTE remediation and plant growth promotion.
The above led us to hypothesize that if the gut resident bacteria endowed with TTE removal and plant growth promoting potentials are identified and tested, those allochthonous bacteria could be exploited for bioaugmentative engineering in TTE contaminated soils as a part of phyto and/or bioremediation protocol. It would further elucidate the role of earthworms in raising soil fertility, enhancing nutrients availability to plants and TTEs remediation potentials.
To this end, the specific objectives of the current study are to: (i) isolate and characterize bacteria from the earthworm Metaphire posthuma gut; (ii) investigate the plant growth promoting (PGP) properties of the isolated bacterial species, (iii) assess the improvement of seed germination and growth of Vigna radiata assisted by the isolated bacteria, and (iv) determine the Cr(VI), Cu(II) and Zn(II) remediation potentials of the bacterial strains in aqueous media.
Materials and methods

Earthworm sample
Earthworms (Metaphire posthuma) were collected in sterilized bags from the garden soil of the Kalyani University campus (latitude-22.9862°N, longitude-88.4464°E). The length and diameter of Metaphire posthuma chosen for isolating bacteria ranged from 10 to 12 cm and 4-5 mm, respectively. The selected length and diameter of earthworms ensured us to include the healthiest adult organisms in this study.
Isolation of bacteria from earthworm gut
Body surfaces of earthworms were washed in sterile water and sterilized with 70% ethanol. The earthworm gut contents were obtained in an aseptic manner by compressing the intact worms from the front to the rear end. Pour plate technique was followed for isolating bacteria from the gut contents using three culture media, namely (1) basal salt media, (2) cellulose degrading agar media, and (3) denitrifying agar media (media compositions are given in Supplementary Information (SI)). The culture plates were incubated at 28 ± 2°C in order to get distinct microbial colonies.
Identification and characterization of isolated bacterial strains
Biochemical characterizations of the bacterial isolates were carried out using a battery of biochemical tests (eg., catalase activity, citrate utilization, gelatine liquefaction, indole production, methyl red test, Voges Proskauer test, triple sugar iron test, starch hydrolysis, urease activity, nitrate reduction, and oxygen requirement) (Aneja, 2014) .
The genotypic portrayal of the bacterial strains was performed by the 16S rRNA gene sequencing in order to identify the gut isolates. The detail gene sequencing method was reported earlier (Biswas et al., 2018a; Biswas et al., 2018b) . Briefly, the amplification of the isolated genomic sample was carried out by the polymerase chain reaction (PCR) using the universal primers. The sequencing was performed at Eurofins Genomics, Bengaluru, India and the sequence obtained was analysed using the Basic Local Alignment Search Tool, (BLAST) at NCBI (http://www.ncbi.nlm.nih.gov/BLAST/). The phylogenetic affinity was established following the neighbour joining method using the software MEGA7 (Choudhary and Sar, 2011) .
2.4. Determination of plant growth promoting qualities of the gut isolates 2.4.1. Estimation of indole acetic acid (IAA) production As described previously (Gordon and Weber, 1951; Biswas et al., 2018a; Biswas et al., 2018b) , the bacterial isolates were grown in LB medium supplemented with L-tryptophan (0, 2 and 5 mg mL −1 ) in triplicates, and incubated in a shaker incubator at 32 ± 2°C for 18 days. The amount of IAA produced was determined from the standard curve drawn with known concentrations of pure IAA (Sigma-Aldrich).
Determination of gibberellic acid (GA) production
The amount of GA produced by the selected bacterial strains was carried out by DNPH (2, 4-dinitrophenyl hydrazine) method (Graham and Thomas, 1961) . The strains were cultured in LB medium in triplicates, and incubated at 32 ± 2°C for 8 days. Media without culture served as control. Aliquots of cultures were withdrawn from the culture media, and subjected to centrifugation at 6000 rpm, for 10 min. To the cell free supernatant thus obtained equal volumes of ethyl acetate were added and vortexed vigorously for 10 min. This was done every alternate day. The ethyl acetate layer obtained was taken in a separate tube and it was allowed to evaporate at room temperature. This process was repeated thrice. The remaining contents were dissolved in absolute alcohol (Zeigler et al., 1980) . DNPH (1 mL) was added to 2 mL of this suspension and incubated at 100°C for 5 min and then it was instantly A. Banerjee, et al. Journal of Environmental Management 250 (2019) 109530 cooled in water bath. To the above solution 5 mL of 10% potassium hydroxide was added and permitted to wait for 5 min. The GA concentration was measured based on the intensity of the developed red wine colour with a spectrophotometer (UV-1800 UV-Vis Shimadzu) at 430 nm against the standard curve prepared with known concentrations of pure GA (Sigma-Aldrich).
Measurement of 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase activity
In order to determine the ACC deaminase activity the isolates were initially cultured in LB medium up to a late log phase. Cell pellet was obtained by centrifuging the culture at 6500 rpm for 6 min. The pellet was washed and suspended in modified DF salts minimal medium (Dworkin and Foster, 1958 ) (SI) supplemented with 3 mM ACC as the sole source of nitrogen. The ACC (Sigma-Aldrich) was filter sterilized using 0.45 μm pre-sterile syringe filter (Millipore filter paper). The organisms were inoculated in the medium and incubated at 30 ± 2°C for 48 h in a rotary shaker at 180 rpm. After 24 h, bacterial cell pellets were suspended in 1 mL of 0.1 M Tris-HCl, pH 7.6, the contents were subjected to centrifugation at 16,000 rpm, for 5 min, and the pellet was resuspended in 600 μL 0.1 M Tris-HCl, pH 8.5. This cell suspension was toluenized by adding 30 μL of toluene, then vortexed for 30 s. An aliquot of the toluenized cells (100 μL) was saved and stored (4°C) for protein assay. The remaining toluenized cells were subjected to ACC deaminase assay following the Penrose and Glick (2003) method. The entire experiments were carried out in triplicates, and the results were obtained for 24 h and 48 h of incubation. The set up without bacterial extracts served as control. ACC deaminase activity measures the amount of α-ketobutyrate produced when the enzyme ACC deaminase cleaves ACC. The amount of α-ketobutyrate produced by this reaction was determined by comparing the absorbance at 540 nm of the samples against a standard curve of α-ketobutyrate ranging between 0.1 and 1.0 μmol. The amount of protein present in the toluenized cells was estimated by the Lowry's method (Lowry, 1951) . The concentration of protein was estimated by referring to a standard curve of bovine serum albumin.
Estimation of ammonium ion production
As described earlier (Biswas et al., 2018a; Biswas et al., 2018b ) the enteric bacterial strains were inoculated in peptone water (SI) and incubated at 30 ± 2°C for 7 days in a rotary shaker at 140 rpm. After 24 h, an aliquot (3 mL) was withdrawn from each culture flask, centrifugation was performed and the cell free supernatant was subjected to colorimetric estimation of ammonium ion by phenol hypochlorite method (APHA, 2005) . The experiment was carried out in triplicates and uninoculated medium served as control.
Plant seed germination test
Surface sterilization of V. radiata seeds was performed with sodium hypochlorite (2%) treatment for 1 min followed by repetitive washing in sterilized distilled water, and air-drying. For the bacterial treatment of the seeds, the cell pellets of the specific bacterial strains were washed with sterilized distilled water, and subsequently suspended in sterile distilled water (1 mL) and given a vortex-induced vibration for 20 s. About 20 sterilized seeds were used and treated for 10 min with 5 mL bacterial suspensions (10 8 CFU mL −1 seed −1 ). These treated seeds were air-dried and put on sterilized Petri dishes (9 cm) having bilayered wet filter paper, and incubated at ambient temperature. Fifteen seeds were set on the Petri plates and the experimental set up was carried out in triplicates. The sets which received no bacterial suspensions but sterile water were maintained as controls. The root and shoot lengths, and fresh and dry weights were measured after seven days. The germination rate and vigor index were also recorded (SI).
Plant growth experiment
A pot culture experiment was conducted to assess the effects of earthworm gut bacterial strains on V. radiata growth performance. A soil with known pH and available phosphorus (Olsen P) content was used in the experiment (SI). The V. radiata seeds were treated following the procedure mentioned earlier (section 2.5). The pots containing 250 g soil in triplicates were sown with the treated and untreated (control) seeds (SI). The plant parameters were examined following 30 and 60 days of the plant growth. The parameters examined included germination rate and vigor index (section 2.5), root and shoot lengths, and leaf area and chlorophyll contents.
Determination of resistance of gut isolates to TTEs
The earthworm gut isolates were exposed to Cr(VI), Cu(II) and Zn (II) in order to determine their TTE resistance properties. Sterile syringe filter (0.45 μm) (Millipore) was used to sterilize the K 2 Cr 2 O 7 , CuSO 4 ·5H 2 O and ZnSO 4 ·7H 2 O solutions. To sterilize the nutrient agar medium (SI), the stock TTE solution (500 mM) was added to obtain a series of TTE concentrations. The plates were spot inoculated with the gut isolates and incubated for 2 days at 32 ± 2°C. The lowest concentration of each TTE was 0.5 mM. The rationale behind selecting this lowest concentration was that the gut isolates would certainly withstand a concentration below 0.5 mM, which was confirmed in our preliminary experiment, and also aligned with previously reported values (Farias et al., 2015; Mihdhir et al., 2016) . The concentration of each TTE was raised differentially based on their absolute tolerance until the strains were found unable to grow on the medium. The highest concentration of TTE still favouring the growth of the bacterial strains after 2 days was termed as the maximum tolerable concentration (MTC) of TTE (Biswas et al., 2018a; Biswas et al., 2018b) .
Examination of TTE removal efficiency
TTE concentrations (25, 50 and 100 mg L −1 ) were used for determining Cr(VI), Cu(II) and Zn(II) removal efficiency from culture media. In separate flasks nutrient broth media containing the desired concentration of Cr(VI), Cu(II) and Zn(II) (25, 50 and 100 mg L −1 ) and 2% (8 × 10 8 CFU mL −1 ) of the bacterial inoculum were incubated in an incubating shaker at 32°C and 180 rpm. Control sets consisted of media containing the same concentrations of TTEs in separate flasks without the bacterial cultures. The pH of the medium was set at 7.0 ± 0.2. An aliquot (10 mL) was withdrawn at 24 h interval, and subjected to centrifugation at 9500 rpm, for 10 min. The supernatant was digested with acid mixture (20 mL) of concentrated HCl and HNO 3 in the ratio of 3:1. The residual TTE concentrations in the digested supernatants were determined using atomic absorption spectroscopy (AAnalyst 200, PerkinElmer, USA). The entire experiment was carried out in triplicate. The TTE removal efficiency was calculated using Eq. (1)
where; A = initial concentration of TTE in solution; B = final concentration of TTE in solution.
Estimation of phosphate solubilization by gut isolates
For determining the phosphate solubilization potential of the gut isolates in the presence and absence of TTEs, the available soluble phosphate produced by the isolates in the Pikovskaya's broth (PKM) media supplemented with 0.5% tri calcium phosphate (equivalent to 5000 mg L −1 ) was measured in vitro. Similar set-up without the culture (uninoculated) was maintained as the reference. In case of phosphate solubilization in the presence of TTEs, medium with individual TTE (50 mg L −1 ) concentration of Cr(VI), Cu(II) and Zn(II) and bacterial culture was incubated at 28 ± 2°C for 5 days on a rotary shaker (180 rpm). A 3 mL aliquot was withdrawn at 24 h intervals from each culture flask. The samples were put under centrifugation at 9500 rpm, for 10 min. The amount of available soluble phosphate in the culture supernatant was quantified spectrophotometrically following the phosphomolybdate method (Watanabe and Olsen, 1965) . The pH of the broth medium both in the presence and absence of TTEs was measured with a digital pH meter (Hach HQ4d multi) at regular interval. The entire experiment was carried out in triplicates.
Statistical analyses
The mean values of the results obtained were compared using oneway analysis of variance (ANOVA) followed by the LSD post hoc multiple comparison test. Regression analysis determined the strength of correlation among the related factors. The values of P < 0.05 were considered for ascertaining statistical significance.
Results
Identification and characteristics of gut isolates
Distinct colonies were isolated from the three different culture media. The organisms were named after the names of the medium from which they were isolated. Among a number of isolated strains, BSM 3 (basal salt agar medium), CDB 2 (cellulose degrading agar media) and DNB 2 (denitrifying agar media) were considered in this study.
The tested bacterial isolates responded variably to the different biochemical tests, but an absence of H 2 S gas production was common for all the three strains (SI, Supplementary Table 1 ).
Full 16S rRNA gene sequencing of the isolated strains BSM 3, CDB 2 and DNB 2 showed 100% similarity with Bacillus safensis; Bacillus flexus and Staphylococcus haemolyticus respectively. The phylogenetic tree drawn for the gut isolates based on the 16S rRNA sequences is presented in Fig. 1 . The accession numbers obtained for BSM 3, CDB 2 and DNB 2 by submitting the 16S rRNA gene sequence to the Gene Bank were MF 589718, MF 589717 and MF 589719, respectively. The 16S rRNA sequence results also ascertained that the isolated bacterial strains were non-pathogenic in nature and were safe to human health and well being when inoculated for food crop production.
PGP attributes of the isolated strains
The presence of L-tryptophan in the culture medium improved the IAA production by the gut isolates (Table 1) . The medium without Ltryptophan showed no significant IAA production. L-tryptophan concentration of 5 mg mL −1 and an incubation period of 12 days were found to be more supportive for maximum IAA yield than 2 mg mL −1 Ltryptophan and 6 days of incubation (Table 1) . For all the three strains the IAA production was directly proportional to the concentration of Ltryptophan at different incubation period (R 2 = 0.954, 0.990 and 0.990). There was an increase in IAA production from 6 to 12 days of incubation after which it did not further increase. Among the isolates, DNB 2 produced the least (25.15 ± 0.15 μg mL −1 ) and BSM3 produced the highest (48.5 ± 1.5 μg mL −1 ) amount of IAA at 5 mg mL −1 Ltryptophan concentration after 12 days of incubation. All three isolates were capable of producing significant amount of GA (Fig. 2) . The GA production by the gut isolates reached the maximum amount after 6 days of incubation. However, beyond 4 days no significant rise in GA production (P < 0.05) occurred. The GA production by the gut isolates followed the order BSM 3 (235.2 ± 0.2 μg mL −1 ) > CDB 2 (193.78 ± 0.2 μg mL −1 ) > DNB 2 (93.8 ± 0.2 μg mL −1 ) after 6 days of incubation (LSD test, P < 0.05).
All the three gut isolates were successful in producing the enzyme ACC deaminase, (SI, Supplementary Table 2 ). However, the enzymatic activity did not change over the incubation time. After 48 h of incubation the ACC deaminase activity (μM α-ketobutyrate mg −1 protein h −1 ) varied significantly (P < 0.05) among the isolates in the order: The tested gut isolates produced considerable amounts of ammonium ion (SI, Supplementary Fig. 1 ). An extension of the incubation period resulted in an increase in ammonium ion production up to 120 h (5 days) beyond which a saturation point was reached. The isolates BSM 3 (257.1 ± 1.1 mg L −1 ) and CDB 2 (257.5 ± 0.5 mg L −1 ) produced similar amounts of ammonium ion after 168 h of incubation, while DNB 2 produced a significantly smaller amount (164 ± 1 mg L −1 ) than those two strains.
Effects on plant (V. Radiata) growth
All the three strains of bacteria significantly (P < 0.05) improved the seed germination parameters such as germination rate, vigor index, root and shoot lengths, and fresh and dry weights over the uninoculated control ( Table 2 ). The isolate DNB 2 showed lesser impact on the seed germination indices than BSM3 and CDB 2, while the latter two strains showed a similar effect ( Table 2) .
The pH and available P content of the soil used in the pot experiment were recorded as 6.8 ± 0.4 and 6.50 ± 0.001 μg g −1 respectively.
The bacteria treated V. radiata seeds in the pot experiment showed a significant (P < 0.05) effect on the plant growth parameters as compared to those of the untreated control both at 30 and 60 days of the trial (Table 3) . All three bacterial isolates demonstrated potential of promoting the plant growth related traits as compared to that of the control. DNB 2 showed the least effect while BSM 3 and CDB 2 imparted more or less similar plant growth enhancing effects (Table 3) .
The chlorophyll (Chl) contents in leaves of the V. radiata plants treated with bacterial isolates were significantly higher than that of the untreated control (P < 0.05). No significant difference (P > 0.05) was recorded for the chlorophyll contents between respective bacterial treatments at 30 and 60 days of the trial (Table 3) . At 60 days of the trial BSM 3 showed the highest Chl a, Chl b and total Chl contents (0.048 ± 0.001, 0.022 ± 0.0001 and 0.072 ± 0.001 mg g −1 leaf fresh weight respectively). Treatment with DNB 2 resulted in the lowest Chl a, Chl b and total Chl contents (0.035 ± 0.0004, 0.016 ± 0.00004 and 0.054 ± 0.00004 mg g −1 leaf fresh weight, respectively). These values were significantly (P < 0.05) higher than that of the control (0.029 ± 0.001, 0.014 ± 0.0005 and 0.043 ± 0.0005 mg g −1 leaf fresh weight respectively).
Resistance of gut isolates to TTEs
The bacterial strains responded differently toward Cr(VI), Cu(II) and Zn(II) concentrations (SI, Supplementary Table 3 ). For the isolate BSM 3, the MTC was the highest for Zn(II) (7 mM) and lowest for Cu(II) (2 mM). The BSM 3 managed to tolerate a Cr(VI) concentration of 4 mM. The isolate CDB 2 showed the highest MTC for Cu(II) (7 mM), followed by Cr(VI) (4 mM) and Zn(II) (3 mM). For the isolate DNB 2, the MTC was 3 mM for both Cr(VI) and Zn(II), while it was 6 mM for Cu(II).
TTE removal efficiency of gut isolates
All the three bacteria were successful in removing Cr(VI), Cu(II) and Zn(II) from the culture media supplemented with these TTEs (Fig. 3) . A. Banerjee, et al. Journal of Environmental Management 250 (2019) 109530 For all the TTEs and gut isolates, the maximum and minimum TTE removal efficiency was obtained at 25 and 100 mg L −1 TTE concentration, respectively (Fig. 3 a-i) . Irrespective of TTE concentrations, the gut isolates showed a gradual increase in TTE removal from 0 h to 72 h of incubation beyond which no further increase in TTE removal occurred (Fig. 3 a-i) . At 25 mg L −1 Cr(VI) concentration and after 72 h, the Cr(VI) removal efficiencies of bacterial isolates showed the following order of variation: BSM 3 (40.5%) = CDB 2 (40.3%) > DNB 2 (19.1%) (Fig. 3 a-c) . Doubling the Cr(VI) concentration (50 mg L −1 ) caused a little (~1%) reduction in Cr(VI) removal efficiencies by the isolates. A 4-fold increase of Cr(VI) concentration (100 mg L −1 ) however resulted in a drastic decline in Cr(VI) removal (86-90%) (Fig. 3 ac) . The Cu(II) removal percentage by the isolates followed the same trend of Cr(VI). The maximum Cu(II) removal occurred after 72 h of incubation beyond which a saturation point was reached (Fig. 3 d-f ). The Cu(II) removal by the isolates followed the order: CDB 2 > DNB 2 > BSM 3 (LSD test, P < 0.05) for all the three Cu(II) concentrations studied. After 72 h of incubation with 25 mg L −1 Cu(II), CDB 2, DNB 2 and BSM 3 removed 43.5, 32.7 and 21.3% Cu(II), respectively ( Fig. 3 df ). The Cu(II) removal percentages were lowered by 8-10 and 18-25% respectively at 50 and 100 mg L −1 Cu(II) concentrations (Fig. 3 d-f ).
Unlike Cr(VI) and Cu(II) removal trends, Zn(II) removal reached its peak at 96 h of incubation beyond which there was a saturation or slight decline phase (Fig. 3 g-i) . The isolate BSM 3 exposed to 25, 50 and 100 mg L −1 Zn(II) over 96 h showed the best performance with 52.8, 42.6 and 26.5% removal, respectively. The CDB 2 and DNB 2 strains showed 20.5, 18.2 and 7% and 22.6, 18.6 and 6.1% Zn(II) removal potentials under the above conditions (i.e., exposed to 25, 50 and 100 mg L −1 Zn(II) over 96 h) ( Fig. 3 g-i) .
Phosphate solubilization efficiency
The bacterial isolates showed the capability of solubilizing inorganic phosphate (TCP) both in TTE-free and TTE-stressed conditions (Fig. 4) . The phosphate solubilization potential reached its peak at 96 h of incubation for all the three isolates irrespective of TTE loaded and unloaded conditions. There was no phosphate solubilization in the bacteria free control set up. No significant difference (P > 0.05) in phosphate solubilization was observed after 96 h between BSM 3 (216.9 ± 1.2 mg L −1 ) and CDB 2 (215.4 ± 0.6 mg L −1 ). These values were 14.5-15.3% higher than DNB 2 (188.1 ± 0.05 mg L −1 ) under similar conditions (Fig. 4 a, c and e ).
The gut isolates retained the ability of solubilizing TCP even in the presence of TTEs but with a reduced potential (Fig. 4a, c and e ). In the presence of Cr(VI) BSM 3 (141.3 ± 1.3 mg L −1 ), CDB 2 (138.5 ± 0.5 mg L −1 ) and DNB 2 (135.8 ± 0.5 mg L −1 ) produced 28-35% lower soluble phosphate at 96 h of incubation. In the presence of Cu(II) the phosphate solubilization followed the order CDB 2 (157.5 ± 0.5 mg L −1 ) ≈ DNB 2 (157.3 ± 0.03 mg L −1 ) > BSM 3 (142.3 ± 1.7 mg L −1 ) after 96 h. In the presence of Zn(II) the isolates followed a phosphate solubilization order: BSM 3 (155.6 ± 0.4 mg L −1 ) > DNB 2 (147.5 ± 1.5) > CDB 2 (144.9 ± 0.1 mg L −1 ). A significant drop in pH from an initial pH (7.0 ± 0.001) to a final pH range of 4.2 ± 0.05-5.7 ± 0.05 was observed during phosphate A. Banerjee, et al. Journal of Environmental Management 250 (2019) 109530 solubilization by the isolates in both TTE-contaminated and TTE-free conditions (Fig. 4 b, d and f) .
Discussion
The present study shows the successful isolation of three bacterial species Bacillus safensis (MF 589718), Bacillus flexus (MF 589717) and Staphylococcus haemolyticus (MF 589719) from the gut of an endogeic earthworm Metaphire posthuma possessing PGP properties and TTE (Cr (VI), Cu(II) and Zn(II)) removal potentials.
IAA is a vital plant hormone and IAA synthesizing bacterial strains play significant roles in plant-bacteria interactions. The bacterial IAA enhances mineral absorption and nutrient uptake by plants (Tirry et al., 2018) . In most biosynthetic pathways, the level of IAA is altered by Ltryptophan. In our study, all the three isolates showed L-tryptophan dependant IAA production with the maximum IAA production achieved at 5 mg mL −1 L-tryptophan concentration after 12 days of incubation. Different bacterial strains require varying concentrations of exogenous tryptophan for IAA production since different isolates possess varying inherent ability to generate tryptophan endogenously (Bhutani et al., 2018) . This can be related to the results of the present work (Table 1) where the isolates responded differently in the amounts of IAA produced. The Staphylococcus strain produced significantly lesser amount of IAA than the Bacillus strains. An increase of IAA production upon addition of exogenous tryptophan was previously reported in various bacteria (e.g., Azospirillum sp, Bacillus sp, Pseudomonas sp, Staphylococcus sp) (Idris et al., 2007; Biswas et al., 2018a; Biswas et al., 2018b) . Ahmad et al. (2005) reported an increase in IAA production from 1.47 to 32.8 μg mL −1 in the presence of 1-5 mg mL −1 tryptophan. Recently, Bhutani et al. (2018) reported that isolates MBN3 (Bacillus aryabhattai) and MJHN1 (B. megaterium) respectively produced 114.1 and 79.88 μg mL −1 IAA at 500 μg mL −1 tryptophan concentration.
GA or gibberellins are diterpenoid acids which act as phytohormones regulating growth and developmental processes in higher plants (Karakoc and Aksoz, 2006; Sharma et al., 2018) . Bacillus strains in the present study produced significantly greater amount of GA (235 μg mL −1 after 6 days incubation) than the Staphylococcus strain (94 μg mL −1 after 6 days incubation) (Fig. 2) . Azotobacter sp, Pseudomonas sp, Azospirillium sp, and Bacillus sp are some of the bacterial species which have been reported to produce GA (Silpa et al., 2018) . Sivasakthi et al. (2013) reported 4.8 μg mL −1 GA productions by plant growth promoting Bacillus subtilis stain isolated from a paddy rhizosphere. Silpa et al. (2018) reported a maximum production of 83.7 μg mL −1 GA by Bacillus licheniformis DS3 strain isolated from a banana field soil. Similarly, Sharma et al. (2018) reported that a fluorescent Pseudomonas sp. produced GA in the range of 116.1-485.8 μg mL −1 . The present study is unique from the point that the Bacillus and Staphylococcus strains producing GA are from the gut of an earthworm (a recognised soil fertility enhancer) and the amounts of GA produced are greater than many of the previously published reports.
The gaseous plant hormone ethylene moderates a range of beneficial responses in plants at lower concentrations (10 mg L −1 ). The production of ethylene gets accelerated under stress conditions upon utilization of ACC as an immediate precursor for ethylene synthesis; higher ethylene concentration adversely affects growth of plants (Glick, 2005) . To mitigate this plant induced ethylene production, ACC deaminase producing PGPB can act upon ACC metabolizing it to α-ketobutyrate and ammonia (Glick, 2013) . In this study, the ACC deaminase activity followed the order BSM 3 > CDB 2 > DNB 2 (section 3.2). Minaxi et al. (2011) reported an ACC deaminase activity of 54.14 μM αketobutyrate mg −1 protein h −1 in Bacillus strain RM-2 in 24 h growth while Bacillus safensis (BSM 3) strain in the present study produced 45.7 ± 0.3 μM α-ketobutyrate mg −1 protein h −1 ACC deaminase activity after 48 h of incubation. Grobelak et al. (2018) reported a maximum activity of ACC deaminase for R3 (Pseudomonas sp) isolate (23.49 μM h −1 ), while their isolate MR4 (Bacillus sp) produced less activity (15.92 μM h −1 ).
Several rhizobacteria produce volatile compounds like ammonia which can act as biocontrol agents and plant growth promoting agents such as a nitrogen source (Brimecombe et al., 2001; Singh et al., 2016) . Joseph et al. (2007) detected production of ammonia in 94.2% of Pseudomonas and 95% of Bacillus strains.
The results of the present work followed a similar trend as seen in the above PGP attributes where Bacillus (257 mg L −1 ) showed better ammonium ion production than Staphylococcus stain (164 mg L −1 ) (section 3.2). Several studies indicate that bacteria endowed with potentials of biochemically significant metabolite synthesis (e.g., IAA, GA and cytokinin like substances) can exert enhancing effect on seed germination and seedling radical and plumule lengths (Etesami, 2018; Safari et al., 2018) . The effect of the isolated bacterial strains on V. radiata seed germination at the laboratory accorded with the plant growth promoting indices discussed above. The Bacillus strains showed significantly higher seed germination indices than the Staphylococcus strain, and they were far better when compared to the untreated control ( Table 2) .
The gains in leaf area, length and weights of root and shoot were observed in the pot experiment at 30 and 60 days of plant growth ( Table 3 ). The PGP traits (e.g., IAA, GA and ammonium ion) conferred positive advantages on the plant health thereby enhancing the growth of treated plants over the control. The better response of Bacillus strains over Staphylococcus strain was significant since the Staphylococcus strain responded poorly as compared to the Bacillus strains in all the PGP traits. Earlier Shahab et al. (2009) reported that inoculation of exogenous bacteria Bacillus sp and Pseudomonas sp induced growth of V. radiata. An increase of cowpea plant growth after inoculation of rhizobacterial Bacillus sp RM-2 isolated from the rhizosphere soil of V. radiata was reported by Minaxi et al. (2011) . Recently, Safari et al. (2018) revealed that bacterial strain Pseudomonas fluorescens showed positive impact on different growth related traits such as germination success rate, seed vigor, length and dry weight of coleoptile and radical of wheat seeds.
Chlorophyll content is an essential parameter used as an index of the production capacity of plants. Here, the isolate BSM 3 enhanced Chl a, Chl b and total Chl contents of V. radiata leaves to a greater extent than CDB 2 and DNB 2 ( Table 3) . Improvement of chlorophyll content in maize plants by bacteria of the genus Pseudomonas sp, Burkholderia sp, Klebsiella sp, Enterobacter sp, Bacillus sp and Pantoea sp was reported by Kifle and Laing (2016) . Recently, Sarkar et al. (2018) showed that Enterobacter sp raised chlorophyll content in rice seeds.
The bi-functional nature of PGPB in improving plant growth and removal of TTEs has been sparsely reported in the literature (Seth, 2012; Sessitsch et al., 2013) . In this study, the bacterial strains from the earthworm gut were successful in resisting and removing the TTEs such as Cr(VI), Cu(II) and Zn(II) from culture media. The ability of PGPB strains of Bacillus sp (Kavitha et al., 2011; Nayak et al., 2018) and Staphylococcus sp (Zahoor and Rehman, 2009 ) in removing Cr, Cu and Zn was evident from different studies (Fan et al., 2018; Tirry et al., 2018) .
In the nature, the hexavalent form of Cr (Cr(VI)) is considered more toxic and carcinogenic than trivalent Cr (Francisco et al., 2018) . In the present work, the isolates successfully removed Cr(VI) with the Bacillus strains responding similarly toward the TTE resistance and removal (4 mM MTC and~40% removal for both strains) ( Fig. 3a and b) , while the Staphylococcus strain showed lower resistance and removal potential (3 mM MTC; 19.1% removal) (Fig. 3c ). The resistance toward Cu(II) and Zn(II) varied greatly among the isolates ranging from MTC 2-7 mM. Fig. 3 (e and g) shows that the Bacillus strains could remove up to 43.5% Cu(II) (CDB 2) and 52.8% Zn(II) (BSM 3). A decrease and/or stagnation of TTE removal efficacies by the isolates occurred with an increase in TTE concentrations and incubation period. Nayak et al. (2018) also reported that the removal rate of Cr(VI) by Bacillus cereus (T1B3) decreased at higher Cr(VI) concentrations with an increase in the incubation period. With the passage of time and increased TTE concentration, a deficiency of absorption sites on the bacterial surface might occur, which then would accommodate less TTE ions from the solution (Nayak et al., 2018) . Apart from this, the decrease of metal removal could also be caused by the decrease in the number of live cells in the system for the uptake of TTE ions (Biswas et al., 2018a; Nayak et al., 2018) .
The deficiency of P in soils can be compensated by utilizing the Psolubilizing potential of PGPB (Wei et al., 2017) . Indeed the results from the present work confirm that the three isolates possess phosphate solubilizing potential both under TTE-laced (Cr(VI), Cu(II) and Zn(II)) and TTE-free conditions. The gut isolates produced soluble P in the range of 188-216 mg L −1 over 96 h (section 3.6) and the solubilization potential dropped in the presence of TTE (Fig. 4a, c and e ). Similar results were reported before where a reduction in P solubilization by Bacillus sp was observed in the presence of TTE ions (Wani and Ayoola, 2015; Oves et al., 2013) . Gupta et al. (2017) reported similar results in Klebsiella strain, where P solubilization became dampened due to the toxicity of TTE toward enteric microbial isolates.
In the present work, a significant lowering of pH in the P-solubilizing medium (from pH 7.0 to pH 5.1-4.2) both in the presence and absence of TTE ( Fig. 4 b, d and f) indicated that the phosphate solubilization was accompanied with the release of low molecular weight organic acids in the P solubilizing system (Chen et al., 2006) . The inverse relationship between soluble P concentration and pH of the solubilizing medium confirmed that the medium acidification facilitated P solubilization (Gupta et al., 2017; Teng et al., 2019) .
Therefore the earthworm gut isolates in the study showed plant growth promoting potentials with substantial production of IAA, GA, ammonia, ACC deaminase activity and phosphate solubilizing abilities. The isolates showed positive response toward V. radiata seed germination. Among the isolates, Bacillus safensis (MF 589718) (BSM 3) showed the best performances in enhancing V. radiata plant growth in a pot trial with significant gain in total plant length (83%), leaf area (95%) and total chlorophyll content (67%) as compared to the control. The isolates were strikingly successful in resisting and removing TTEs such as Cr(VI), Cu(II) and Zn(II). Not only the isolates managed to grow under stressful environment, they also successfully solubilized phosphate in such TTE-stress conditions.
Conclusions
The present study indicates that the tested earthworm gut bacteria are endowed with potentials of IAA, GA and ammonia production, Psolubilization, ACC deaminase activity, and TTE resistance and removal capacity, and therefore, can be championed as efficient biofertilizers, serving double dividends of plant growth promotion and TTE remediation in contaminated soils. Future research is needed to find a suitable carrier material for the delivery of the microorganisms to target soils. Further works are also warranted to optimize the growth and performance of the bacteria under field conditions.
